Introduction
============

Soft tissue sarcoma (STS) is an aggressive mesenchymal malignant tumor [@B1]. Wide resection and radiotherapy remain the traditional strategies for treating STS, and chemotherapy is administered for advanced STS. Because of the advances in multidisciplinary care, the evaluation and care of patients with STS have been improving for decades [@B2]. However, local recurrence and metastasis have shown to occur in approximately 20% and 30% of cases, respectively, in 5 years [@B3], [@B4]. As a result of the few effective therapeutic options available, the prognosis is dismal, as reflected by the median survival of 12.8-14.3 months in patients with advanced STS [@B5].

Homologous recombination repair (HRR) plays a fundamental role in DNA double-strand break (DSB) repair, as HRR can utilize the sister chromatids as the repair template to restore the genomic sequence of the broken DNA ends precisely [@B6]. The BRCA1/2 mutation may lead to HRR deficiency (HRD), leading to an accumulation of unrepaired DNA errors and gene mutations. Increasing genomic instability facilitates cell death or tumorigenesis [@B7]. Consistent with the above findings, women carrying the BRCA1/2 mutation were found to be susceptible to ovarian and breast cancer [@B8]. DNA repair relies on base excision repair (BER) if HRD develops. When poly (ADP-ribose) polymerases inhibitor (PARPi) block BER by targeting PARP1/2, synthetic lethality occurs. As described above, ovarian and breast cancers with germline mutations in BRCA1/2 are sensitive to PARPi [@B9],[@B10]. Thus, HRD opens a novel avenue for targeted therapy for these tumors.

Increasing studies have demonstrated that tumors carrying germline mutations in BRCA1/2 as well as tumors harboring HRR-related gene mutations that result in HRD, such as pancreatic cancer, prostate cancer, and leukemia, are sensitive to PARPi [@B11]-[@B16]. HRD is considered a signature characteristic of tumors carrying germline mutations in BRCA1/2. Therefore, BRCAness is defined as a trait in tumors with an HRD caused by the absence of a germline BRCA1/2 mutation [@B17]. Some studies report that over 80% of osteosarcomas and most leiomyosarcomas acquire BRCAness traits, which could be therapeutically exploited [@B18],[@B19]. Further, an *in vitro* study showed that osteosarcoma with genetic signatures of BRCAness were susceptible to the PARPi, talazoparib alone or in combination with temozolomide [@B20]. However, as a result of the diversity of histological types, high degree of genetic heterogeneity, and low incidence of STS, the characteristics of BRCAness and the effect of PARPi in STS remain largely unknown. Hence, based on our previous researches [@B21], [@B22], we conducted this study to explore the genomic and molecular landscape of BRCAness using whole exome sequencing (WES) in STS, aiming to find a potential target for treating STS.

Methods
=======

Identify the characteristics of BRCAness in soft tissue sarcomas
----------------------------------------------------------------

To reveal the possible genomic and molecular characteristics of STS, analyses were performed in 22 STS tumor samples from the First Affiliated Hospital of Sun Yat-sen University by comparing with their matched normal adjacent tissues using WES. Mutation signatures were calculated by nonnegative matrix factorization (NMF), and the mutation signatures were compared with the 30 cancer mutation signatures [@B23]. Furthermore, annotation was performed in integrative single nucleotide polymorphism (SNP) data to identify the genes that contain SNPs. The significantly mutated genes and BRCAness genes were analyzed and compared [@B17]. We further calculated the length, gain, and loss of copy number variation (CNV) using the GISTIC analysis, and we located the locus of the corresponding chromosome or gene using the loss of heterozygosity (LOH) analyses. The number of CNVs fulfilling the specific criteria of a BRCA-like phenotype (\> 15 Mb) was calculated as the BRCAness proportion. HRD score, is an unweighted sum of LOH, telomeric allelic imbalance (TAI) and large-scale state transitions (LST) [@B18], was calculated for each STS sample. The threshold of HRD scores for considering a tumor to be BRCA deficient was set to 35 according to the Youden index analysis. To better depict the genomic and molecular signatures, Circos plots were created using the mutation data of all the 22 samples.

Subsequently, the genomic and molecular characteristics were validated using data from The Cancer Genome Atlas (TCGA) database. Data, including the clinical records, pathology reports, SNP, and CNV, of STS samples were extracted from TCGA via cBioPortal. First, the constitution of the histopathologic subtypes was analyzed. Then, similar analyses as those of the data of the 22 samples were conducted on the TCGA data. Furthermore, we then assessed the HRD score for its association with overall survival using the Cox regression model. The expression of the PARP1 and BRCAness were grouped as high or low expression using receiver operating characteristic (ROC) curve and Youden index analysis for the best predictive cut-off point to estimate the survival of STS patients.

Reagents
--------

The PARPi, niraparib (MK4827), rucaparib (AG014699), veliparib (ABT-888), olaparib (AZD2281), talazoparib (BMN-673); the topoisomerase II inhibitor, etoposide (HY-13629); and the alkylating agent, temozolomide (HY-17364), doxorubicin (HY-15142A), ifosfamide (HY-17419) and dacarbazine (HY-B0078) were purchased from MedChemExpress (New Jersey, USA). The anti-PARP1 antibody (ab32071), the anti-poly (ADP-Ribose) polymer \[10H\] (ab14459), the anti-Rad51 antibody (ab133534), the anti-RPA32 antibody (ab76420), the anti-Ki67 antibody (ab15580), and the goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077) were purchased from Abcam (Cambridge, UK). Anti-phospho-H2AX (S139) was purchased from Affymetrix eBioscience (Massachusetts, USA). Anti-β-actin (13E5) and anti-GAPDH (14C10) were purchased from Cell Signaling Technology (Massachusetts, USA). Drugs and antibodies were used according to the associated protocols.

Patient-derived samples
-----------------------

Patient-derived xenografts (PDXs) were established through the immediate transfer of fresh tumor tissue from a spindle cell sarcoma patient into BALB/C nude mice. The tumor samples for WES were derived from 17 patients with STS. The tumor tissue and paired adjacent normal tissue for western blot (WB) analysis were derived from three patients with spindle cell sarcoma, rhabdomyosarcoma, and undifferentiated pleomorphic sarcoma, respectively. The 123 surgical specimens for immunohistochemistry (IHC) were collected from the tissue bank of the Department of Musculoskeletal Oncology, the First Affiliated Hospital of Sun Yat-sen University. All patients provided written consent under the institutional review board-approved protocols.

Cell viability
--------------

The cytotoxic effects and effects on cell viability following the administration of chemotherapeutic regimens and PARPis were determined on six STS cell lines using MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide\] (Keygen Bio Tech, China). Briefly, 2000 STS cells were transferred into 96-well plates and incubated for 24 h before the addition of the test compound. The cells were then incubated for 24 h, 48 h, and 72 h at 37 °C with an increasing concentration of regimens, respectively. MTT, at a final concentration of 0.5 mg/ml, was added, and following an incubation of 4 h, formazan crystals were dissolved in dimethyl sulfoxide (DMSO). Cell proliferation curves were constructed by measuring the amount of formazan dye generated by the cellular dehydrogenase activity using a microplate reader (Bio-Tek Instruments, Colmar, France) at a wave length of 490 nm. The concentration of the substance required for 50% growth inhibition (IC~50~) was estimated with GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA).

Determination of the combination index
--------------------------------------

For evaluating the combined effect of niraparib and chemotherapeutic regimens (doxorubicin, ifosfamide, dacarbazine, and temozolomide), six preincubated STS cell lines were cotreated with various concentrations of niraparib alone, chemotherapeutic regimens alone, or the combination of niraparib and chemotherapeutic regimens for 48 h. The cell viability of STS cell lines after the different treatments were first determined using the MTT assay. Then, the data were analyzed with a constant ratio combination design based on the protocol described by CompuSyn software (New York, USA). Bar charts and the normalized isobologram for combo were created to depict the treatment combination index (CI), which followed the median effect principle: CIs \< 1, 1, and \> 1 indicated synergistic, additive, and antagonistic effects, respectively.

Cell cycle and apoptosis analysis
---------------------------------

The cell cycle and apoptosis were studied using the cell cycle assay and cell apoptosis assay (Keygen, Bio Tech, Jiangsu, China) with FACS flow cytometry software (Beckman, California, USA). Flow cytometry data were analyzed with FlowJo software (TreeStar, USA).

Western blot analysis
---------------------

Whole cell protein extracts were detected using the following antibodies as previously described: anti-PARP1 (ab32071, 1:10000), anti-Rad51 (ab133534, 1:2000), anti-phospho-H2AX (S139, 1:1000), anti-β-actin (13E5, 1:2000), the anti-poly (ADP-Ribose) polymer \[10H\] (ab14459, 1:500) and anti-GAPDH (14C10, 1:2000). Membranes were exposed in a chemiluminescence imaging system (Bio-Rad) following the manufacturer\'s instructions. WB data were quantified using Image Lab (Bio-Rad), and the intensity of bands were compared using the Image J software (NIH, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

RNA extraction and reverse transcription were performed as described previously [@B24]. Transcript levels were normalized to GAPDH. The following primers were used: GAPDH: forward 5\'-GCACCGTCAAGGCTGAGAAC-3\' and reverse 3\'-AGGTGACCGCAGAAGTGGT-5\'; RAD51: forward 5\'-CGCTGATGAGTTTGGTGTAGC-3\' and reverse 3\'-ACGTCTACCTCACCCTCTAC-5\'. Gene expression was calculated using the 2 - ΔΔCt method.

Cell clone formation assay
--------------------------

Tumor cells were digested with 0.25% trypsin/0.02% EDTA solution at the logarithmic phase to obtain a single-cell suspension with culture medium. A total of 500-1,000 cells/well were seeded into the six-well culture plates. After 24 h, the cells were treated for 2 weeks with niraparib alone, TMZ alone, or the combination of niraparib and TMZ. The medium was refreshed every 3 days until the cell clones could be observed with the naked eye. The cells were fixed in 4% paraformaldehyde for 30 min and stained with 1% crystal violet for 1 h. Images were captured with a scanning instrument (Epson, Japan).

Confocal microscopy
-------------------

For immunofluorescence (IF) analysis, the cells were cultured on confocal dishes treated with 20 μM of etoposide or 10 μM of niraparib. After a 4 h treatment, IF were performed as described previously [@B25]. The primary antibody was anti-Rad51 antibody and the secondary antibody was conjugated to goat anti-rabbit IgG H&L (Alexa Fluor® 488). Images were captured using a confocal laser microscope (Olympus, Japan) with the 63× objective.

PARP-1 activity
---------------

PARP activity was determined in the cell extracts using the HT Colorimetric PARP/Apoptosis Assay (Trevigen, Maryland, USA) according to the manufacturer\'s protocol. As per the protocol, 5×10^3^ cells were seeded into a 96-well plate and incubated to one concentration of TMZ and/or niraparib for 48 h. After treatment, the following procedures were performed as previously described [@B26].

Transfection of Plasmids and Small-Interfering RNA (siRNA) Molecules
--------------------------------------------------------------------

HT-1080 and SK-LMS-1 were transfected with pUC57-PARP1 (0.2 µg/96-well plate, 5 µg/6-well plate) plasmid or siPARP1 (100 nM) (TsingKe Biological Technology, Beijing, China). Transfections were performed using Lipofectamine 3000 Reagent (Invitrogen) following the manufacturer\'s protocol. qRT-PCR, WB, and MTT were performed 48 h after transfection.

Cell-derived xenografts
-----------------------

Four-week-old female BALB/C nude mice were purchased from the Model Animal Research Center of Nanjing University (China). Induction of tumor xenografts was performed by subcutaneous injection of 0.1 mL cell suspensions containing 5×10^6^ HT1080 or SK-LMS-1 cells in the logarithmic phase into the right flank of the mice. This study followed the approved Institutional Animal Care and Use Committee (IACUC) protocols and the Guide for the Care and Use of Laboratory Animals. Tumor length (L) and width (W) were measured via electronic calipers twice a week, and the volume was calculated based on the following equation: V = L × W^2^ / 2. When the average tumor size reached 150 mm^3^ for HT1080 and SK-LMS-1, mice were randomly assigned to the vehicle and experimental groups. Mice were treated via oral gavage with vehicles, and the dose of the treatment arms was 100 mg/kg (mpk) niraparib (5 ml/kg in 1% w/v methylcellulose) alone, 60 mg/kg (mpk) TMZ (in 1% w/v methylcellulose) alone, or in combination administered each day for 5 days/week, until the tumors reached an approximate size of 1500 mm^3^, they were harvested.

Patient-derived xenografts (PDXs)
---------------------------------

Tumor specimens were obtained from a patient who underwent surgical resection for right thigh spindle cell sarcoma. Biological material was obtained from patients who signed informed consent, and the animal experiment followed institutional review board-approved protocols (approved by ICE for clinical research and animal trials of the First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China, \[2017\]189). Freshly resected tumor tissue from a patient was divided into approximately 2×2 mm^3^ fragments for transplantation into 5-week-old female BALB/C nude mice. Single tumor fragments were surgically implanted into the dorsal subcutaneous sites of three anesthetized mice (P1). When P1 tumors reached an approximate size of 1500 mm^3^, they were harvested, fragmented, and re-implanted into additional mice (P2). When sufficient P2 tumor grafts reached a volume greater than 200 mm^3^, the animals were divided into four groups, and treatment was initiated as previously described. When tumors reached an approximate size of 1500 mm^3^, they were harvested.

Immunohistochemistry (IHC)
--------------------------

IHC detection for *in vivo* tumor samples with antibodies against Ki67, phospho-H2AX, and RAD51 was performed. IHC detection of antibodies against phospho-H2AX, RAD51, and RPA32 was also performed in the surgical specimens of 123 patients with STS. Tissue photographs were obtained with an Olympus CKX41 (400×). The IHC staining scores were determined as described in a previous study [@B27].

Statistical analysis
--------------------

Data were analyzed using IBM SPSS Statistics for Windows, version 19.0 (IBM Corp., Armonk, N.Y., USA). Measurements were analyzed using the two-tailed Student\'s t test, the Mann-Whitney U test, one-way ANOVA, ROC curve, Youden index, and Pearson or Spearman correlation analysis; categorical data were analyzed with the χ^2^ or Fisher\'s exact test. Data are presented as the mean± standard deviation (SD), and significant differences are indicated as \* *p* \< 0.05, \*\* *p* \< 0.01, and \*\*\* *p* \< 0.001. The analyses of over-all survival (OS) and event-free survival (EFS) were performed using the log-rank test (Mantel-Cox test).

Ethics approval and consent to participate
------------------------------------------

Biological material was obtained from patients who signed informed consent, and the animal experiment followed institutional review board-approved protocols, which were approved by the ICE for clinical research and animal trials of the First Affiliated Hospital of Sun Yat-sen University (189/2017).

Results
=======

Identifying the characteristics of BRCAness in 22 STS samples
-------------------------------------------------------------

For the identification of mutation signatures of STS, analyses of the WES data of the 22 samples from 17 STS patients were performed **(Figure [1](#F1){ref-type="fig"}A)**. The histopathological subtype distribution of the 17 patients included undifferentiated pleomorphic sarcoma (29.41%, n = 5), fibrosarcoma (17.65%, n = 3), synovium sarcoma (11.76%, n = 2), and others **([Figure S1](#SM0){ref-type="supplementary-material"}A)**. The detailed clinicopathological characteristics of the 17 patients are shown in **[Table S1](#SM0){ref-type="supplementary-material"}.**

We then employed NMF for deciphering and comparing the mutation signatures. The four most similar signatures were as follows: signature 7 (cosine-similarity: 0.97, etiology: UV exposure), signature 1 (cosine-similarity: 0.94, etiology: spontaneous deamination of 5-methylcytosine), signature 4 (cosine-similarity: 0.76, etiology: smoking) and signature 3 (cosine-similarity: 0.86, etiology: defects in DNA-DSB repair by HRR). Interestingly, signature 3 was identified in BRCA1/2 mutations or HRD cancers, such as breast, pancreatic and ovarian cancers **(Figure [1](#F1){ref-type="fig"}B)**. We further analyzed BRCA1/2 alterations in SNP, which affected 5.88% to 11.76% of the 17 patients. We also found high mutation rates in BAP1 (29.41%), FANCC (29.41%), BRIP1 (23.53%), and TP53 (23.53%), which are genes associated with HRD. Universal alterations in the BRCAness-associated genes were detected in further SNP analyses of the 17 patients **(Figure [1](#F1){ref-type="fig"}C)**. CNV analyses showed overwhelmingly high mutation burden, including gains of the short arm of chromosome 6 in 16 (77.27%), and gains of the long arm of chromosome 7 in 17 (68.18%) cases. Other frequent losses involved 17p (22.73%), 12p (18.18%), 13q (18.18%), etc. Frequent gains involved 6q (63.64%), 7p (63.63%), 7p (68.18%), 2q (59.09%), and LOH could be detected in approximately 22 chromosomes. Together, these data suggested that STS might carry BRCAness integrative genomic characteristics **(Figure [1](#F1){ref-type="fig"}D)**.

For the further identification of the specific proportion of BRCAness, we calculated the number of CNVs that met the specific criteria of BRCAness (threshold line in red, 15 MB); all the 17 patients with STS contained the characteristics of BRCAness **(Figure [1](#F1){ref-type="fig"}E)**. We also identified STS as high HRD score tumors, with 54.55% (12/22) of the samples scoring over 35 **(Figure [1](#F1){ref-type="fig"}F)**. For better depiction of the hallmarks of genomic rearrangement and chromosomal instability, a genome wide Circos plot was created from the integral genomic data and large-scale genome instability could be visualized **(Figure [1](#F1){ref-type="fig"}G)**.

BRCAness characteristics were validated in 224 TCGA patients
------------------------------------------------------------

Given that significant characteristics of BRCAness were found in the 22 STS samples, we performed a validated analysis of 224 STS samples (Sarcoma, TCGA) based on the rich set of TCGA data utilizing the same algorithms. The histopathological subtype distribution of the 224 samples included leiomyosarcoma (40%, n = 90), dedifferentiated liposarcoma (23%, n = 52), undifferentiated pleomorphic sarcoma (19%, n = 43), fibrosarcoma (10%, n = 22) and others **([Figure S1](#SM0){ref-type="supplementary-material"}B)**.

As expected, we found the four most similar signatures in the TCGA samples, which were as follows: signature 7 (cosine-similarity: 0.97, etiology: UV exposure), signature 1 (cosine-similarity: 0.92, etiology: spontaneous deamination of 5-methylcytosine), signature 3 (cosine-similarity: 0.87, etiology: defects in DNA-DSB repair by HRR) and signature 24 (cosine-similarity: 0.57, etiology: treatment with aflatoxin). Interestingly, BRCA1/2 mutants and HRD associated signature 3 was also found in the TCGA samples **(Figure [2](#F2){ref-type="fig"}A)**. Similarly, BRCA1/2 alterations were detected in 0.45% to 4.95% of SNPs in the 224 samples. We also found high mutation rates of HRD-associated genes TP53 (43.24%), RB1 (25.68%), ATRX (18.02%), and PTEN (8.56%). Widespread alterations in the BRCAness-associated genes were detected **(Figure [2](#F2){ref-type="fig"}B)**. The most frequent SCNA events were losses of the long arm of chromosome 13 (33.74%). Other frequent losses involved 10q (29.40%), 11q (19.31%), and 16q (25.78%), among others. Frequent gains involved 5p (25.27%), 8q (18.59%), 1p (13.03%), and 1q (12.16%); LOH could be commonly found in approximately 22 chromosomes. Collectively, these data suggested that STS samples from TCGA database might also contain BRCAness integrative genomic characteristics **(Figure [2](#F2){ref-type="fig"}C)**. Furthermore, 83 (37.05%) of the 224 TCGA samples carried the characteristics of BRCAness **(Figure [2](#F2){ref-type="fig"}D)**.

To better understand the clinical correlation of HRD, ROC curve and the Youden index (sensitivity + specificity - 1) were performed to determine the optimal cut-off point for HRD scores from TCGA samples. According to ROC, 0.171 was the maximal Youden index corresponding to a HRD score of 34.50. Therefore, a HRD score of 35 was defined as the cutoff threshold of BRCAness. Overall, 44.64% (100/224) of the samples had a HRD score over 35 **(Figure [2](#F2){ref-type="fig"}E)**. Prognostic analyses were subsequently performed in 224 TCGA patients. Five-year overall survival (OS) analyses demonstrated that patients with high HRD scores (\> 35) had a worse prognosis than those with low scores (\< 35), implying that HRD scores were associated with adverse outcomes in the 224 samples **(***p* = 0.0257,**Figure [2](#F2){ref-type="fig"}F)**. Collectively, based on the results of the analyses of our 22 samples and 224 TCGA patients, BRCAness might be the common genomic and molecular characteristics of majority of STS.

HRD was detected in STS cell lines
----------------------------------

To verify the results of the above analyses, we evaluated the activity of HRR in STS cell lines. DNA damage was induced by a topoisomerase II inhibitor (etoposide) and PARPi niraparib (MK4827) in normal fibroblasts and STS cell lines (HT-1080, RD, SW982, VA-ES-BJ, SK-LMS-1, SW872). RAD51, a marker of HRR, showed higher expression in the 4 h treatment group than in the groups with other time points or the control group (DMSO as vehicle) using qRT-PCR **(Figure [3](#F3){ref-type="fig"}A, B)**. Next, compared with the control group, elevated expression of γH2AX, a marker of DSBs, was detected using WB in the 20 μM etoposide or 10 μM MK4827 treated groups, implying that DSBs had been successfully induced **(Figure [3](#F3){ref-type="fig"}C, D).** Further, compared with fibroblasts, decreased expression of RAD51 was detected in the six STS cell lines, which suggested that HRR was impaired in the STS cell lines**.** We also conducted an immunofluorescent (IF) assay with the same experimental conditions. We observed a considerable number of RAD51 green foci at the DSB sites in normal fibroblasts that had been treated with etoposide, while few or even no foci were detected in the STS cell lines **(Figure [3](#F3){ref-type="fig"}E, G)**. A similar phenomenon was found when cells were treated with MK4827 **(Figure [3](#F3){ref-type="fig"}F, H)**. Consistent with the finding of the previous bioinformatic analyses, STS contained BRCAness traits and often exhibited HRD.

PARP-1 expression was correlated with HRD and the therapeutic response
----------------------------------------------------------------------

Given that STS, which might carry BRCAness traits, often exhibit HRD. PARPi is the most promising therapy for breast and ovarian cancers with HRD, and PARP-1 is a potential target. As previously reported, PARP-1 plays a fundamental role in single-strand DNA break (SSB) repair, as PARP-1 binds to the damaged DNA at SSBs, which can cause a series of allosteric changes in the structure of PARP-1 that activate its catalytic function [@B28]. This activation leads to the poly ADP-ribosylation (PARylation) and recruitment of DNA repair effectors. To investigate the clinical correlation between PARP-1 and prognosis, prognostic analyses were subsequently performed in 224 TCGA patients. ROC curve and the Youden index were performed to determine the optimal cut-off point for PARP-1 expression level from TCGA samples. According to ROC, 0.168 was the maximal Youden index corresponding to PARP-1 (RPKM) 3694.49815. Therefore, PARP-1 (RPKM) 3695 was defined as the cutoff of low and high expression level. The log-rank test showed that the expression level of the PARP1 was negatively correlated with clinical outcomes in the 224 samples**(***p* = 0.009,**Figure [4](#F4){ref-type="fig"}A)**. Subsequently, the higher PARP-1 expression was found to be associated with the higher HRD scores (r = 0.4593, *p* \< 0.0001, **Figure [4](#F4){ref-type="fig"}B**). Moreover, WB assays showed increased level of PARP-1 in STS cell lines compared to that in fibroblasts **(Figure [4](#F4){ref-type="fig"}C)**. Compared with the PARP-1 expression in paired adjacent normal tissue, enriched expression of PARP-1 was also detected in STS tumor tissues of three patients, including high grade spindle cell sarcoma, pleomorphic rhabdomyosarcoma, and high grade pleomorphic undifferentiated sarcoma **(Figure [4](#F4){ref-type="fig"}D).**

Given that PARP-1 is the direct target of PARPi [@B29]. Besides, the above results suggested that STS might be sensitive to PARPi. Aiming to screen out the ideal PARPi for STS therapy among the five PARPis (talazoparib, niraparib, Olaparib, rucaparib, and veliparib) that have received the US Food and Drug Administration (FDA) approval, the effect of PARPis was assessed using MTT assay in HT-1080. MTT showed that talazoparib had the most potency in HT-1080, followed by niraparib (**[Figure S2](#SM0){ref-type="supplementary-material"}A, B**). Given that hematologic adverse events are the most common and severe side effects of PARPi, the cytotoxic effect of talazoparib and niraparib was further determined in bone mesenchymal stem cells (BMSC). To further compare the cytotoxic effect of talazoparib and niraparib, the cytotoxic effects at equivalent dose (IC~50~) were determined using MTT assay [@B30]. As **[Figure S2](#SM0){ref-type="supplementary-material"}C, D** shown, talazoparib at the IC~50~ dose (2 nM) showed a higher cytotoxic activity (30%) in BMSC than did niraparib at its equivalent dose (IC~50~: 7 µM, cytotoxic effect: 10%). Therefore, niraparib was selected for drug treatment assays in this study.

We subsequently investigated the potency of niraparib (MK4827) in STS *in vitro* using MTT assays **([Figure S3](#SM0){ref-type="supplementary-material"}A)**. The MTT assay results showed that STS cell lines were sensitive to MK4827. Moreover, with the downregulation of PARP-1 expression, fibroblasts were less sensitive to MK4827 than STS cell lines **(Figure [4](#F4){ref-type="fig"}E)**. Interestingly, the expression of PARP-1 (gray value of WB of STS cell lines) had a moderate negative correlation with PARPi IC~50~ of cell lines (ρ = -0.608, *p* \< 0.003, **Figure [4](#F4){ref-type="fig"}F**). In other words, the higher PARP-1 expression was associated with higher HRD scores and better therapeutic response of PARPi. Some studies consider the endogenous PARylation as a surrogate marker of PARP activity and functional HRR [@B31]. Our study showed that the level of spontaneous poly (ADP-ribose) (PAR) in STS cell lines and fibroblast control was consistent with PARP-1 (**Figure [4](#F4){ref-type="fig"}G**). Given that PARP-1 could be a useful predictive biomarker that deserves clinical evaluation. Consequently, PAR also could be a potential predictive biomarker for HRD.

Additionally, we observed increased accumulations in S and G2 phase when STS cell lines had been treated with MK4827 in flow cytometry **(Figure [4](#F4){ref-type="fig"}H, [Figure S3](#SM0){ref-type="supplementary-material"}B)**. Moreover, Annexin V/PI flow cytometry detected significant apoptosis induced by MK4827 **(Figure [4](#F4){ref-type="fig"}I, [Figure S3](#SM0){ref-type="supplementary-material"}C)**.

MK4827 and TMZ combination exhibited synergistic effects in STS cell lines
--------------------------------------------------------------------------

To further screen the synergistic combination therapy for better clinical translation, we tested the combined effect of MK4827 and the common chemotherapeutic reagents for STS treatment, including doxorubicin, ifosfamide, dacarbazine, and temozolomide (TMZ). MTT assays demonstrated that MK4827 and TMZ induced the best synergistic suppressing effect in six STS cell lines compared to the other chemotherapeutic regimens agents **([Figure S4](#SM0){ref-type="supplementary-material"}A-D, Figure [5](#F5){ref-type="fig"}A)**, with the CIs less than 0.5 **([Table S2](#SM0){ref-type="supplementary-material"})**. Consistently, the clone formation assay also demonstrated that MK4827 and TMZ synergistically inhibited the proliferation of STS cell lines**(Figure [5](#F5){ref-type="fig"}B, C)**.

As described above, TMZ increases SSBs and causes sensitivity to PARPi; thus, we hypothesized that a PARPi and TMZ combination would probably increase the DNA damage. To explore the relationship between DNA damage and the combined activity of niraparib and TMZ, we used the HT Colorimetric PARP/Apoptosis Assay to evaluate the inhibitory effect of MK4827 alone or in combination with TMZ on PARP-1 activity. The assay showed that the MK4827 and TMZ combination induced an increased effect of PARP-1 inhibition compared with either of the single reagents **(Figure [5](#F5){ref-type="fig"}D)**. To validate the above findings, WB was performed to evaluate the expression of γH2AX and RAD51 when HT-1080 and SK-LMS-1 cells were treated with vehicle, MK4827, TMZ, or in combination, respectively. WB assay detected an elevated expression of γH2AX (marker of DSB) and RAD51 (marker of HRR) when HT-1080 and SK-LMS-1 cells had been treated with a combination of the reagent, compared with that when cells were treated with the vehicle, MK4827, and TMZ, respectively **(Figure [5](#F5){ref-type="fig"}E, F)**. Overall, these data suggested that MK4827 and TMZ synergistically inhibited the proliferation of STS cell lines by augmenting DNA damage.

To further analyze the role of PARP-1 in the combination effect, the knockdown and overexpression of PARP-1 were subsequently performed in HT-1080 and SK-LMS-1 cells. Efficiency of transduction in HT-1080 and SK-LMS-1 was confirmed by qRT-PCR and WB analysis (**[Figure S5](#SM0){ref-type="supplementary-material"}A-H**). MTT demonstrated that after PARP-1 knockdown, HT-1080 and SK-LMS-1 were more resistant to PARPi and combination therapy (**Figure [5](#F5){ref-type="fig"}G**). On the contrary, PARP-1 overexpression resulted in increased sensitivity to the regimens in these cell lines (**Figure [5](#F5){ref-type="fig"}H**).

Combining MK4827 and TMZ increased their inhibitory effects *in vivo*
---------------------------------------------------------------------

To confirm the effect of MK4827 and TMZ *in vivo*, we conducted three mouse xenograft model experiments to verify the combined treatment potency *in vivo*. Mice were subcutaneously injected with HT-1080 or SK-LMS-1 cells to develop CDX models. We found that the combination of MK4827 and TMZ could reduce tumor growth in CDX models **(Figure [6](#F6){ref-type="fig"}A, left and middle)**. To better mimic the tumor heterogeneity, we adopted a spindle cell sarcoma PDX model to further explore the effect of MK4827 and TMZ on STS. A consistent result was observed in the PDX model **(Figure [6](#F6){ref-type="fig"}A, right)**. The tumor volume and weight in the combination treatment group, measured after sacrificing the mice, were found to be the lowest among the four groups **(Figure [6](#F6){ref-type="fig"}B, C)**. Together, these results provided supporting evidence that demonstrated an increased inhibitory effect of combining MK4827 and TMZ on STS *in vivo*.

Additionally, we observed that there was no obvious difference in the mice body weight in the control, single reagent, and combination treatment groups during the *in vivo* experiment, which indicated a high safety associated with treatment **([Figure S6](#SM0){ref-type="supplementary-material"}A-C)**.

Finally, to further elucidate the mechanisms of cell death *in vivo* model, we performed an assessment of IHC staining for Ki67, γH2AX and RAD51 in the vivo specimens. As a marker for HRR, RAD51-positive cells slightly increased when mice were treated with a combination of the reagents. This phenomenon demonstrated an augmentation of tumor DSBs with a combination of the reagents. We also found that γH2AX was significantly increased in tumors of the combination treatment group compared with tumors of the MK4827 or TMZ treatment groups. In contrast, the expression of Ki67, a cellular marker of proliferation, was markedly reduced in tumors following treatment with MK4827 plus TMZ, compared to treatment with MK4827 or TMZ alone **(Figure [6](#F6){ref-type="fig"}D, E, [Figure S6](#SM0){ref-type="supplementary-material"}D, E)**.

Homologous recombination repair deficiency is a prognostic marker for STS patients
----------------------------------------------------------------------------------

Finally, we investigated the clinical relevance of HR-associated proteins, including PARP-1, γH2AX, RAD51 and RPA32, in 123 human STS specimens. The major pathologic types of the 123 patients incorporated synovial sarcoma (22%, n = 27), undifferentiated pleomorphic sarcoma (15%, n = 19) and myxoid fibrosarcoma (15%, n = 19, **[Figure S1](#SM0){ref-type="supplementary-material"}C)**. IHC representative images showed the positive and negative staining of the above-mentioned proteins**(Figure [7](#F7){ref-type="fig"}A, B)**. Kaplan-Meier analysis indicated that PARP-1 and γH2AX were negatively associated with the event-free survival (EFS) of patients with STS **(***p* \< 0.001, **Figure [7](#F7){ref-type="fig"}C, D)**; in contrast, RAD51 was positively associated with the EFS of patients with STS, which suggested that HRD is a prognostic marker for STS patients **(***p* \< 0.0001, **Figure [7](#F7){ref-type="fig"}E)**. However, no significant relationship between RPA32 and the prognosis of patients was observed (*p* = 0.9584, **Figure [7](#F7){ref-type="fig"}F)**.

In summary, our study revealed that majority of STS contained the characteristics of BRCAness, and STS demonstrated defects or aberrations in HRR and enrichments in PARP-1. PARP-1 and PAR could be the potential predictive biomarkers for BRCAness. As a putative result, we found that STS cell lines were sensitive to niraparib. Moreover, the combination of niraparib and TMZ exhibited synergistic effects on STS with *in vitro* and *in vivo* experiments. HRD was negatively correlated with the prognosis of patients with STS. This combinational treatment response data suggested that MK4827 and TMZ appear to be a highly promising combination therapy for STS.

Discussion
==========

The lack of effective regimens has resulted in a constant 50% 5-year overall survival rate and a much lower survival rate for metastatic STS [@B32]. Therefore, there is an urgent need to develop novel treatment strategies for STS. Molecular targeted therapy has been among the most promising remedy, particularly for melanoma, ovarian cancer, and other cancers [@B8], [@B33]. However, STS appears to be resistant to the current targeted medicine [@B34]. A partial explanation for treatment failure may be because of the different multiple pathological subtypes and several complicated alterations in genes and pathways, of which only a few are targetable [@B35].

The principal novel findings of our study are as follows: (i) We identified the widespread genomic and molecular characteristics of BRCAness both in our STS samples and in STS samples from the TCGA database, which could be a reliable theoretical basis for PARPi therapy in STS. (ii) The expression level of PARP-1 in STS was a negative prognosis factor and positively correlated with HRD. PARP-1 expression was positively associated with the cytotoxic effect of PARPi. Therefore, PARP-1 could be a promising reflection of BRCAness and therapeutic response. Furthermore, the level of PAR formation was positively correlated with PARP-1, suggesting that PAR could be an appropriate theranostic biomarker of PARPi-based target therapy in STS patients. (iii) Among the five FDA-approved PARPis, niraparib was a more potent and less cytotoxic PARPi for STS treatment. Moreover, according to the screening combination test for cytotoxic regimens therapy for STS (doxorubicin, ifosfamide, dacarbazine, and TMZ), we found that niraparib and TMZ were the most synergistically effective among all STS cell line combination therapies. Our finding provided a novel potential targeted therapeutic strategy for patients with STS.

Knijnenburg *et al.* identified universal DDR gene mutations based on the analyses of 9,125 samples that represented 33 different cancer types from the TCGA PanCanAtlas data. Among 276 mutated DDR genes, HRR was one of the most frequent alterations, and altered HRR function was either positively or negatively correlated with prognosis in different types of cancer [@B36]. In addition, Chudasama *et al.* reported that most leiomyosarcomas demonstrated characteristics of BRCAness, including mutations in HRR-associated DDR genes, multiple structural rearrangements, and abundant specific mutational signatures [@B19]. Our study found widespread HRD both in our STS samples and in STS samples from the TCGA database. Moreover, we identified the genomic instability and HRD was a common molecular characteristic of STS samples.

The identification of biomarkers for evaluating HRD is significant for the application of PARPi in precise treatment. PARP1 is considered to bind to SSB and catalyze the formation of PAR polymers from nicotinamide adenine dinucleotide (NAD**^+^**), and subsequently auto-poly ADP-ribosylation of DNA repair enzymes facilitates their access to SSB lesions [@B37]. Poly (ADP-ribose) polymerase is hyperactivated in tumor cells with HRD [@B38]. Consistent with prior studies, we found that the expression level of PARP-1 was negatively correlated with the prognosis of patients with STS. On the contrary, PARP-1 expression was positively associated with HRD and the cytotoxic effect of PARPi. According to our study, PARP-1 could reflect the BRCAness of STS samples and therapeutic response of PARPi. Previously, PAR formation is reported to be a potential biomarker for HRD [@B39]. Our data revealed that the level of PAR was positively correlated with PARP-1 in six STS cell lines and fibroblasts, which suggested that PAR could be a possible biomarker of PARPi therapy for STS. Our study demonstrated the higher expression level of PARP-1 and PAR formation in STS cell lines and tissues, which provided a reliable theoretical basis for PARPi therapy in STS.

PARPis were first used in clinical trials as a synthetic lethality therapy in BRCA1/2-mutated tumors [@B40]. PARP1 facilitated SSB repair via BER or nucleotide excision repair. PARPi hampered the repair of SSB, which possibly caused the conversion from SSB to DSB. Then, DSB was mainly repaired by HR or NHEJ. Because BRCA1 and BRCA2 are known tumor suppressor genes, cells with BRCA1/2 mutation could lead to HRD. In the absence of a compensatory repair, HRD resulted in the accumulation of DSB, promoted replication fork collapse, and ultimately produced excessive fork collapse, leading to cell death, which was known as synthetic lethality [@B41]. Further studies showed that those BRCA1/2-wide type tumors with HRD remain sensitive to PARPi [@B42].

As catalytic inhibitors, PARPis could trap the PARP on DNA in cells [@B43]. PARPi can directly interact with the NAD**^+^** binding site for PARP trapping, which lead to a DNA-PARP complex and inhibit DDR. Therefore, the effectiveness and side effects of PARPi depended on the potency of PARPi in trapping PARP onto the DNA [@B41]. So far, PARPis, including talazoparib, niraparib, Olaparib, rucaparib, and veliparib, have received the FDA approval for tumor therapy. The potency of PARPi in trapping PARP was ranked as follows: talazoparib \>\> niraparib \> olaparib = rucaparib \>\> veliparib [@B43]. Among them, niraparib was the first PARPi that have been approved for ovarian cancer without BRCA1/2 mutation [@B44]. In our study, we found that niraparib had greater potency for STS cells and lower cytotoxicity in normal BMSC than other PARPis. Hence, niraparib was an ideal PARPi for STS therapy.

Combination therapy was deemed as favorable therapeutic strategy for tumors as it had a synergistic response, lower side effect and incidence of drug resistance. Then, we further assessed the combined effect of niraparib and the first-line and the second-line reagents for STS treatment, including doxorubicin, ifosfamide, dacarbazine, and TMZ. Among the four regimens, our study revealed that TMZ in combination with MK4827 induced the best synergistic effect in STS cell lines. Clinically, TMZ is approved as a first-line reagent for pleomorphic glioma and a second-line reagent for advanced STS [@B45]. TMZ gives rise to SSB, which is mainly repaired by BER. Once TMZ causes DNA damage, the damaged bases are recognised by lesion-specific glycosylases. Subsequently an abasic site is generated. In response to DNA damage, PARP-1 binds to SSB lesion and cleaves NAD**^+^** releasing nicotinamide and ADP-ribose. Release of PARylated PARP from the DNA lesion attracts recruitment of essential BER proteins [@B46]. However, PARPi could cause PARP-1 effectively trapped into the lesion, which prevented the access of essential BER proteins to damage sites [@B47]. In that case, PARPi increases the frequency of SSB caused by TMZ [@B48]. Taken together, the combination of niraparib and TMZ therapy is promising in treating patients with STS.

Conclusions
===========

STS demonstrated BRCAness genomic characteristics. Impaired HRD was observed in STS cell lines. BRCAness could be a common and targetable genomic and molecular characteristic for majority of STS. PARP-1 and PAR could be proper and feasible theranostic biomarkers for assessing HRD in patients with STSs. STSs were sensitive to PARPi, and the combination of niraparib and TMZ was synergistically effective. Collectively, the combination of niraparib and TMZ could be a promising targeted therapeutic strategy for treating patients with STS.
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![**Genomic and molecular characteristics of BRCAness were observed in 22 STS samples**. **A.** Flow chart of genomic instability analysis from whole exome sequencing (WES) of 22 STS samples from the First Affiliated Hospital of Sun Yat-sen University. **B.** Four signatures out of 30 somatic mutation signatures of cancers were identified in 22 STS samples. The four most similar signatures were signature 1 (cosine-similarity: 0.94, etiology: spontaneous deamination of 5-methylcytosine), signature 3 (cosine-similarity: 0.86, etiology: defects in DNA-DSB repair by homologous recombination), signature 4 (cosine-similarity: 0.76, etiology: smoking), and signature 7 (cosine-similarity: 0.97, etiology: UV exposure). **C.** Distribution of BRCAness-associated gene (BAP1, FANCC, BRIP1, CHEK2, WRN, ATM, BRCA1, ATR, CDK12, PALB2, RAD51C, BLM, BRCA2, FANCA, FANCE, NBN, RAD51B, RAD51D) and the significant mutated gene (LOR, UBA52, MARCH7, TP53, LTBP3, PSMD11, CMTM8, ELP2, IFNGR2, LMTK2, MMP19, P2RX2, RB1, LRRIQ1, MSH3, NUMBL, PTEN) single-nucleotide variants (SNVs) with predicted pathogenic effects and indels across 17 patients with STS. Blue, homozygous deletion; red, amplification; purple, truncation; green, substitution or indel; gray, no alteration. **D.** Copy-number profile of genomes from 22 STS samples. Light red, gain (1 ≤ copy-number variation \[CNV\] \< 2); dark red, high copy-number gain (CNV \> 2); wathet, heterozygous deletion (-2 \< CNV \< -1); navy blue, homozygous deletion (CNV \< 2). **E.** The number of CNV meeting the specific criterion of a BRCAness characteristic for each STS tumor (threshold line in red). **F.** Homologous recombination deficiency (HRD) score for each STS tumor (HRD score \> 35, threshold line in red). **G.** Circos plot demonstrating the integral mutation in chromosomes, SNVs, CNVs, and gene rearrangements from 22 samples (from outer to inner side); italic font text denotes BRCAness-associated genes.](thnov10p9477g001){#F1}

![**Genomic and molecular characteristics of BRCAness validated using The Cancer Genome Atlas (TCGA) database. A.** Four signatures out of 30 somatic mutation signatures of cancers were identified in 224 STS samples from TCGA. The four most similar signatures in the TCGA samples were signature 1 (cosine-similarity: 0.92, etiology: spontaneous deamination of 5-methylcytosine), signature 3 (cosine-similarity: 0.87, etiology: defects in DNA-DSB repair by homologous repair), signature 7 (cosine-similarity: 0.97, etiology: UV exposure), and signature 24 (cosine-similarity: 0.57, etiology: exposure to aflatoxin). **B.** Distribution of BRCAness-associated gene (FANCD2, ATM, BLM, BRCA2, BRIP1, NBN, RAD51B, WRN, FANCC, FANCE, BAP1, CHEK1, CDK12, CHEK2, PALB2, FANCA, FANCF, RAD51C, RAD51D, BRCA1) and significant mutated genes single-nucleotide variants with predicted pathogenic effects and indels across 224 STS samples. Blue, homozygous deletion; red, amplification; purple, truncation; green, substitution or indel; gray, no alteration. **C.** Copy-number profile of 224 STS genomes. Light red, gain (1 ≤ copy number variation \[CNV\] \< 2); dark red, high copy-number gain (CNV \> 2); wathet, heterozygous deletion (-2 \< CNV \< -1); navy blue, homozygous deletion (CNV \< 2). **D.** The number of CNVs meeting the specific criterion of a BRCAness characteristic for each STS tumor. The threshold for considering a tumor to be BRCA deficient was set to 15 MB CNA (red dashed line). **E.** Receiver operating characteristic (ROC) curve and Youden index analysis were performed to determine the optimal cut-off point for homologous recombination deficiency (HRD) scores in 224 samples from TCGA. According to the ROC curve, the maximal Youden index (sensitivity + specificity - 1 = 0.171) corresponded to HRD scores 34.50; therefore, HRD score 35 was defined to be threshold of BRCAness and could predict the therapeutic response and prognosis of 224 samples from TCGA. The HRD score for each STS tumor (HRD score \> 35, threshold line in red). **F.** Comparison of the overall survival rate between the high HRD and low HRD score groups examined using the log-rank test (cutoff: HRD score 35, *p* = 0.0257).](thnov10p9477g002){#F2}

![**Impaired DSB repair ability in STS cell lines. A.** Fibroblasts and HT-1080 cells were treated with 20 µM etoposide or DMSO (vehicle group) for 2, 4, 8, 16, 24 and 36 h. qRT-PCR detected that among these timepoints, the relative expression of RAD51 (a marker of homologous recombination repair) was highest at 4 h. **B.** Fibroblasts and HT-1080 cells were treated with 10 µM MK4827 or DMSO (vehicle group) for 2, 4, 8, 16, 24 and 36 h. Again, qRT-PCR detected that the relative expression of RAD51 was highest at 4 h.**C.** When cells were treated with 20 µM etoposide (a topoisomerase II inhibitor) or DMSO (vehicle group) for 4 h, western blots (WB) showed elevated expression of γH2AX, a marker of double-strand breaks (DSBs), in the etoposide group. WB indicated that no significant DSBs developed in the vehicle group, wherein the expression of RAD51 was negligible. However, RAD51 expression was lower in treated STS cells than in treated fibroblasts. **D.** WB demonstrated similar results when STS cell lines were treated with MK4827. **E.** When cells were treated with the same etoposide concentrations described above, an obvious increased green focus of RAD51 was observed in the treated fibroblasts using immunofluorescence (IF) staining. **F.** IF findings were similar when cells were treated with MK4827. **G.** After etoposide treatment, the RAD51 foci in fibroblasts were more than those in STS cell lines. **H.** After MK4827 treatment, the RAD51 foci in fibroblasts were more than those in STS cell lines. HT-1080, fibrosarcoma; SW982, synovial sarcoma; RD, rhabdomyosarcoma; SW872, liposarcoma; SK-LMS-1, leiomyosarcoma; VA-ES-BJ, epithelioid sarcoma; MK4827, niraparib. Scale bar, 5 µm.](thnov10p9477g003){#F3}

![**PARP-1 expression is correlated with HRD and the therapeutic response**. **A.** According to the ROC curve, the maximal Youden index (sensitivity + specificity - 1 = 0.168) corresponded to PARP-1 RPKM 3694.49815; therefore, PARP-1 RPKM 3695 was defined to be the cut-off for the 224 samples. The overall survival rate was compared between the high (n = 55) and low PARP-1 expression (n = 169) groups for the 224 STS patients from TCGA using the log-rank test (cutoff: PARP-1 RPKM 3695, *p* = 0.009). Western blots (WB) indicated higher expression of PARP-1 in six STS cell lines than in fibroblasts. **B.** Pearson correlation analysis showed that the expression level of PARP-1 (RPKM) had a significantly positive correlation with HRD scores in 224 STS cases from the TCGA database (r = 0.4593, *p* \< 0.0001). **C.** Western blots (WB) indicated higher expression of PARP-1 in six STS cell lines than in fibroblasts. **D.** WB showed higher expression of PARP-1 in STS tumor tissue than in paired adjacent normal tissue. Case 1, spindle cell sarcoma; case 2, rhabdomyosarcoma; case 3, undifferentiated pleomorphic sarcoma; N, normal tissue; T, tumor tissue. **E.** IC~50~ (µM) of cell lines for three time points (24 h, 48 h, 72 h), denoted as mean ± standard deviation (SD).**F.** Spearman correlation analysis showed that the expression level of PARP-1 (gray value of the protein band on WB) had a moderate negative correlation with the PARPi IC~50~ of cell lines (ρ = -0.608, *p* = 0.003). **G.** WB indicated similar expression patterns between PARP-1 and PAR protein in six STS cell lines and fibroblasts**. H.** Bar chart demonstrating that after 10 µM MK4827 treatment for 24 h, cells arrested in S and the number of cells in G2/M increased. **I.** Plot showing that after 10 µM MK4827 treatment for 48 hours, apoptosis increased. HT-1080, fibrosarcoma; SW982, synovial sarcoma; RD, rhabdomyosarcoma; SW872, liposarcoma; SK-LMS-1, leiomyosarcoma; VA-ES-BJ, epithelioid sarcoma; MK4827, niraparib.](thnov10p9477g004){#F4}

![**The investigation for combination effect of MK4827 and temozolomide (TMZ) against STS cell lines *in vitro*. A.** A normalized isobologram for the drug combination was constructed to demonstrate the treatment combination index (CI) of MK4827 and four chemotherapeutic agents for all six cell lines, which follows the median effect principle. CIs \< 1, = 1, and \> 1 indicate synergistic, additive, and antagonistic effects, respectively. The normalized isobologram showed the synergistic effect of the combination of MK4827 and TMZ against STS cell lines, with CIs \< 0.5 for most combinations tested. **B.** Combination therapy had a superior inhibitory effect on colony formation than each reagent alone (treatment for 14 days). **C.** The bar charts reveal the synergistic effects of this combination in inhibiting proliferation, as assessed by colony formation assays. **D.** Measurement of PARP-1 activity during apoptosis indicated that compared with each regimen alone, the MK4827 and TMZ combination augmented DNA damage through a synergistic effect. **E.** Western blots (WB) showed higher expression of γH2AX and RAD51 in HT-1080 cell lines treated with combination therapy than in those treated with MK4827 or TMZ alone. **F.** WB demonstrated higher expression of γH2AX and RAD51 in SK-LMS-1 cell lines treated with combination therapy than in those treated with MK4827 or TMZ alone. **G.** MTT results showing that HT-1080 (left) and SK-LMS-1 (right) were less sensitive to niraparib under PARP-1 knockdown;**H.** MTT results showing that HT-1080 (left) and SK-LMS-1 (right) were more sensitive to niraparib under PARP-1 overexpression**.** CFN: colony formation number; HT-1080, fibrosarcoma; SW982, synovial sarcoma; RD, rhabdomyosarcoma; SW872, liposarcoma; SK-LMS-1, leiomyosarcoma; VA-ES-BJ, epithelioid sarcoma; MK: MK4827 (niraparib); ADM, doxorubicin; IFO, ifosfamide; DTIC, dacarbazine; PARPi: PARP inhibitor; OE: overexpression.](thnov10p9477g005){#F5}

![**The combination of MK4827 and temozolomide showed synergistic effects against STS *in vivo*. A.** A subcutaneous tumor model was utilized to assess the effect of the MK4827 and TMZ combination on HT-1080 cells *in vivo*. The tumors were harvested 4 weeks after injection. The tumor volume was measured by electronic calipers twice a week, and the volume was calculated according to the equation V = L × W^2^/2. The growth curve of HT-1080 CDX tumors was shown (left). A subcutaneous tumor model was also used to assess the effect of combination treatment on SK-LMS-1 cells *in vivo*. The tumors were collected at 3 weeks after injection, the growth curve of SK-LMS-1 CDX tumors was shown (middle). A patient-derived xenograft model built using a spindle cell sarcoma was utilized to confirm the synergistic effects. The tumors were collected 5 weeks after surgery. The growth curve of spindle cell sarcoma PDX tumors was shown (right). **B.** Bar charts demonstrated the tumor volumes in the four groups before harvest (HT-1080, n = 7 per group, left; SK-LMS-1, n = 7 per group, middle; PDX, n = 7 per group, right). **C.** The chart displayed the tumor weights before harvest (HT-1080, left; SK-LMS-1, middle; PDX, right). **D.** Representative images of immunohistochemical (IHC) staining against Ki67, γH2AX, and RAD51 in PDX tumor specimens. Scale bar, 100 µm (Positive: Vector Brown). **E.** Plot charts showing the IHC staining scores for Ki67, γH2AX, and RAD51 in PDX tumors. Significant differences were indicated as \*: *p* \< 0.05, \*\*: *p* \< 0.01, \*\*\*: *p* \< 0.001, and ns: no significance. HT-1080, fibrosarcoma; SK-LMS-1, leiomyosarcoma; MK4827, niraparib.](thnov10p9477g006){#F6}

![**Expression of HR-associated proteins, including PARP-1, γH2AX and RAD51, significantly correlated with the prognosis of 123 patients with STS**. **A.** Representative images of immunohistochemistry (IHC) staining (positive and negative expression) for PARP-1, γH2AX, RAD51, and RPA32 in samples from patients with fibrosarcoma (FS), synovium sarcoma (SS), leiomyosarcoma (LMS), liposarcoma (LS), and rhabdomyosarcoma (RMS), respectively. (400×, positive: brown). **B.** Bar chart showing the number of patients with positive and negative staining for PARP-1, γH2AX, RAD51, and RPA32 IHC. **C-F.** Log-rank tests showed that the patients in the high RAD51 expression group had better event-free survival (EFS; events were defined as local recurrence, distant metastasis, lung metastasis, and death; *p* \< 0.0001), while patients in the high PARP-1 and γH2AX expression groups had worse EFS (*p* \< 0.001); RPA32 expression was not associated with the prognosis of the STS patients (*p* = 0.9584). The IHC scores for staining extent were evaluated as follows: 0: 0% of cells showing staining, 1: \< 5% of cells showing staining, 2: 5- 50% of cells showing staining, and 3: over 50% of cells showing staining. Staining intensity was scored as 0: negative, 1: weak, 2: intermediate, and 3: strong. The final score was determined as the sum of both the extent and intensity scores. Based on the final score, patients were divided into low (scores 0 and 2) and high (3- 6) expression groups. EFS: event-free survival; FS: fibrosarcoma; SS: synovial sarcoma; LMS: leiomyosarcoma; LS: liposarcoma; RMS: rhabdomyosarcoma.](thnov10p9477g007){#F7}
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